Restriction endonucleases (REases) protect bacteria from invading foreign DNAs and are endowed with exquisite sequence specificity. REases have originated from the ancestral proteins and evolved new sequence specificities by genetic recombination, gene duplication, replication slippage, and transpositional events. They are also speculated to have evolved from nonspecific endonucleases, attaining a high degree of sequence specificity through point mutations. We describe here an example of generation of exquisitely site-specific REase from a highly-promiscuous one by a single point mutation.
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genetic recombination ͉ protein engineering ͉ R.Kpnl ͉ metal ion coordination ͉ promiscuous activity T ype II REases are part of restriction-modification (R-M) systems that protect bacterial cells against invading foreign genomes (1). The enzymes are highly sequence specific and cleave DNA at the target sites several orders of magnitude more readily than at noncanonical sequences. Because of their high sequence specificity they play crucial role in DNA manipulation and characterization. Of the 3,700 Type II REases identified from different bacterial species so far, only 262 specificities have been characterized (2) . The growth in the applications of REases in DNA manipulations warranted engineering of these enzymes possessing novel specificities, and numerous efforts have been undertaken toward this goal. These attempts to engineer REases with altered specificities were largely unsuccessful because of the high degree of sequence specificity already attained through specific contacts to the bases by different amino acid residues from various structural segments of the enzyme. This would imply that changing the specificity may require modification of several of the contacts with the bases and the phosphate backbone.
In nature, evolution of sequence specificity in R-M systems is achieved through genetic recombination, gene duplication, replication slippage, and transposition (3) (4) (5) (6) (7) (8) . Genetic recombination occurring in nature to reassort target recognition domains (TRDs) leading to evolution of sequence specificity was demonstrated in Salmonella Type I R-M systems (3, 4) . Later the reassortment of TRDs has been used to generate Type I REase with different specificity in the laboratory (5) . Generation of new sequence specificity by TRD swapping was demonstrated in a Type II REase recently (9) . Point mutations were also considered to contribute in evolving sequence specificity, but no examples have been documented so far (1, 10) .
In this study, we provide evidence for point mutations having a role in evolving sequence specificity in a REase. Although R.KpnI is a typical Type IIP REase, it exhibits prolific promiscuous cleavage. In the presence of Mg 2ϩ , the most common metal ion required for REases, R.KpnI cleaves plasmid DNA at variety of noncanonical sites in a robust fashion, generating extensive DNA fragmentation. We describe here a single point mutant, which carries out DNA cleavage in an extremely sitespecific manner, confirming the importance of point mutations in evolving sequence specificity.
Results and Discussion
Two Modes of DNA Cleavage by R.KpnI in the Presence of Mg 2؉ .
R.KpnI is a highly-promiscuous REase in Mg 2ϩ catalyzed reactions unlike most other REases (11, 12) . In Fig. 1A , the characteristic cleavage pattern by R.KpnI is shown in a range of Mg 2ϩ concentrations. At lower concentrations of the metal ion (50-500 M), only cleavage of the cognate sequence was observed (lanes [2] [3] [4] [5] . However, at concentrations of Mg 2ϩ Ͼ500 M, promiscuous cleavage was evident (lanes 6-9). The specific and promiscuous modes of cleavage by R.KpnI depending on the Mg 2ϩ concentration were substantiated by analysis of the cleavage of oligonucleotides. The oligonucleotide substrate containing the canonical sequence was cleaved efficiently by R.KpnI even at 20 M Mg 2ϩ . In contrast, noncanonical sequences were efficiently cleaved only at Ͼ500 M Mg 2ϩ [ Fig. 1B and supporting information (SI) Fig. S1 ]. These results implied that R.KpnI exhibits two different metal activation profiles-one for canonical and the other for noncanonical DNA substrates. The enzyme follows a hyperbolic metal activation profile for the canonical substrate and a sigmoidal pattern for the noncanonical substrate (Fig. 1B) . These data were subjected to Hill plot analysis ( Fig. S2 ; and see SI Text), and the Hill coefficient for the metal ion binding is presented in Table 1 . Hill plot analysis revealed the binding of additional metal ion to the enzyme and its role in the cleavage of noncanonical sequences. Thus, the recruitment of an additional metal ion near to or distant from the active site of the enzyme appeared to be necessary to induce promiscuous cleavage by the enzyme. If that is the case, mutation of the residues involved in the second site metal ion coordination should abolish promiscuous activity, resulting in a highly sequence-specific enzyme. We tested this hypothesis.
Identification of the Secondary Metal-Binding Site in R.KpnI. We had demonstrated in our previous studies that R.KpnI belongs to the HNH superfamily and follows the single metal ion mechanism for catalysis (13) . H149 of R.KpnI acts as a general base and is essential for the catalysis. The residues D148 and Q175 are involved in metal ion coordination. Mutations at these metalbinding residues affected Mg 2ϩ -mediated DNA cleavage and thus are important for the primary catalysis. To identify the secondary metal ion-binding site, the sequence of R.KpnI was analyzed. The analysis revealed the presence of a putative PD 148 x 14 D 163 xK 165 motif in R.KpnI, a sequence motif involved in metal ion coordination and catalysis in most REases. In the linear sequence arrangement of R.KpnI this motif appears to be a typical PD. . . D/ExK motif similar to other REases and could be a candidate for second metal ion binding. To analyze whether the D163 of the putative motif has any role in secondary metal binding, the residue was targeted for mutational analysis. The mutant enzymes (D163A, D163E, D163N and D163I) were overexpressed and purified. The mutant proteins were soluble and showed comparable characteristics to those of R.KpnI and CD studies showed no structural perturbations (Fig. S3 ).
High-Fidelity DNA Cleavage by Mutant R.KpnI. DNA cleavage by the D163 variants of R.KpnI was analyzed in the presence of 2 mM Mg 2ϩ by using pUC18 DNA as a substrate. All of the mutant enzymes showed DNA cleavage activity in the presence of Mg 2ϩ ( Table 2 ), indicating that D163 was not required for the primary catalysis. Among the mutants, D163I showed specific activity comparable to that of WT R.KpnI (Table 2 ). In reactions carried out with saturating Mg 2ϩ or Mn 2ϩ (2 mM) concentrations, D163I did not show any promiscuous behavior even at very high enzyme concentrations ( Fig. 2A) . Oligonucleotide substrate containing the most preferred noncanonical site (-GaTACC-) was refractile to cleavage by the mutant enzyme, without compromising the efficiency of cleavage of canonical site (Fig. 2B) .
We have examined other residues in the predicted motif (PD 148 x 14 D 163 xK 165 ). Mutation in the K165 residue also abolished promiscuous activity of R.KpnI (Fig. S4) . However, the specific activity of K165A is lower than that of WT R.KpnI unlike D163I and hence was not subjected to further analysis (Fig. S4) . Fig. 2 A and B) . The metal-dependency experiments showed that both WT and D163I have comparable metal activation profiles with the canonical substrate, indicating that mutation did not affect the primary metal binding and canonical DNA cleavage (Fig. 3A) . When DNA cleavage patterns with the WT and D163I mutant were compared, the mutant enzyme showed only site-specific DNA cleavage irrespective of the metal ion concentrations (Fig. 3B) . The residue D163 thus appears to be involved in second metal ion coordination, which is required for imparting promiscuous DNA cleavage. Fluorescence and near-UV CD spectral analysis revealed the absence of any major tertiary structural changes in D163I protein (Fig. S5) . The Mutant Exhibits Similar Kinetic Behavior to That of WT R.KpnI. The steady-state kinetics studies (Fig. 4A ) revealed that the product release rates of D163I was similar to R.KpnI and followed the Michaelis-Menten kinetics (Fig. 4B) . The kinetic constants (K M and V max ) derived from Lineweaver-Burk plots indicated that the mutant enzyme has comparable specificity constant (k cat /K M ) with Mg 2ϩ or Mn 2ϩ (Table 3 ). The turnover number for the mutant was not vastly different from that of R.KpnI, implying that the mutant is equally efficient in catalysis. Kinetic parameters could not be determined with noncanonical substrates even at very high concentrations of the mutant enzyme and metal ions, because the mutation had annulled the promiscuous activity of R.KpnI without significantly altering the primary catalysis.
Type II REases are highly sequence-specific compared with other classes of nucleases. In the early days of discovery of R-M systems, it has been suggested that sequence specificity in this group of enzymes could have evolved through genetic recombination or mutations (1, 10) . Although a role for genetic recombination was established by analyzing the natural recombinants and engineering in the laboratory (3) (4) (5) , no example is known for point mutation in achieving sequence specificity. Subsequently, replication slippage, transpositional events, gene duplication, etc., were also shown to have a role in evolution of sequence specificity (6, 8, 14) . Engineering REases in the laboratory with new sequence recognition has proven to be a difficult task. Initially, the TRD swapping has been successfully applied to alter the DNA sequence specificity of Type I REases (5, 7) . Combinatorial reassortment of TRDs between Type IIB REases has been used more recently to generate a REase with novel DNA specificity (9) . Yet another approach to obtain new specificity was to construct hybrid proteins that contain the DNA-binding and/or catalytic modules from different sources. For example, isolated catalytic domains of Type IIS REases (R.FokI and R.BmrI) were fused with specific DNA-binding domains of transcriptional regulators, to generate chimeric endonucleases with altered specificities (15) (16) (17) . A selection system (methylation activity-based selection) has also been developed to produce REases with new specificity (18) . This method appears to be of limited application because it can only be used on bifunctional type IIG REases (19) . The bifunctional REase (R.Eco57I) has been engineered into a monofunctional MTase by cleavage-center disruption. The mutants showing altered DNA modification specificity were selected based on their ability to protect predetermined DNA targets. Later, the cleavage center was reconstituted to that of WT enzyme (18) . These strategies are, however, difficult to be adopted to single domain-containing Type IIP REases. Rational protein design and directed evolution approaches have been used to generate REases with altered substrate specificity based on the structural information. Although several mutant enzymes have been isolated, they have only limited substrate preference (20) (21) (22) (23) (24) ). An example is the directed evolution of R.BstYI endonuclease (5Ј-RGATCY-3Ј) that resulted in genetic selection of two R.BstYI variants with increased substrate specificity toward 5Ј-AGATCT-3Ј and discrimination against 5Ј-GGATCC-3Ј (25) . In these cases, no major changes were observed in the cleavage characteristics of the enzyme. The conversion of R.KpnI from a highly-promiscuous to a very specific REase by a single amino acid change reported here highlights the role of mutations in evolving sequence specificity.
This study thus provides an example for engineering specificity with a single point mutation.
Finally, R.KpnI is peculiar in retaining robust promiscuous cleavage despite being a typical Type IIP REase in all other characteristics. This property of the enzyme has led us to suggest that it is evolutionarily stuck in the process of attaining a high degree of sequence specificity (12) . In nature, retaining the promiscuity in the cleavage characteristics of the enzyme may provide certain advantage for the organism. However, it is conceivable that some strains of the Klebsiella pneumoniae may have evolved the enzyme with high specificity through point mutations.
Materials and Methods
Site-Directed Mutagenesis. R.KpnI mutants (D163A, D163E, D163N, D163I and K165A) were generated by site-directed mutagenesis using the megaprimer inverse PCR method (26) . The oligonucleotides used in this study are listed in Table S1 . Expression plasmid pETRK encoding the WT kpnR gene was used as a template (27) . Oligonucleotide primers carrying the respective amino acid codon substitutions were used for mutagenesis. After confirming the mutation by sequencing, the mutant REases were expressed in Escherichia coli BL26(F-ompT hsdS B(rB-mB-)gal dcm ⌬lac(DE3)nin5 lacUV5-T7gene1) containing M.KpnI and purified as described (28) . Purified enzymes were dialyzed against buffer containing EDTA, followed by EDTA-free buffer to remove traces of bound metal ions (12) . For all of the assays, enzymes (WT and mutants) were diluted 1,000-fold in EDTA-free reaction buffer.
DNA Cleavage and Steady-State Kinetic Assays. R.KpnI and its mutants were incubated in 10 mM Tris⅐HCl (pH 7.4), 5 mM 2-mercaptoethanol, with increasing concentrations of MgCl 2 for 1 h at 37°C and 1 g of pUC18 DNA containing a single site for R.KpnI (29) . The cleavage products were analyzed on 1% agarose gels. Steady-state kinetic experiments were carried out as described (12) . The kinetic parameters were determined by fitting the change in the velocity with substrate concentration to the double reciprocal (1/v versus 1/[S]) Lineweaver-Burk plot by using GraphPad Prism Version 4.
